Abstract
Introduction
Given refinements in surgical procedures and the development of delicate immunosuppressive strategies, kidney transplantation (KT) has become the best treatment for patients with chronic kidney disease. It also has low associated morbidity and mortality. Due to a shortage of organs from cadaveric donors, living donor KT has also become an alternative option for these patients. After successful KT, recipients experience changes in body homeostasis, with particular regard to water balance and metabolism. This can objectively be measured based on increased urine output and decreased serum blood urea nitrogen and creatinine (Cr). The Cr level drops and reaches a plateau several days after successful KT. However, the level of serum Cr has certain intra-and interpatient variations and can also be influenced by the functional capacity of the kidney graft.
Post-transplant serum Cr is dependent on many surrounding factors, including both recipient-dependent and donor-dependent factors. The previously reported recipient-dependent factors regarding graft function are recipient sex [1] [2] [3] , body weight [4] , height, body surface area [5, 6] , lean body weight, and body mass index (BMI). [7, 8] These factors are representative of the recipient's metabolic demand. Previously reported donor-dependent factors regarding graft function are donor sex [1, 2, 9] , age, body weight, and graft weight. [6, 10] These factors represent the metabolic demand of the donor.
Oh et al. published a study in 2005 that showed a statistical relationship between the factors representative of metabolic demand and renal mass supply to early graft function. [6] Although this model demonstrated promising results, it was not internally or externally validated. The recipient's post-KT serum Cr reflects the functional outcome of the graft kidney's performance by filtering the metabolic demand of the recipient. Therefore, we hypothesized that the graft kidney's performance could be estimated based on the donor's serum Cr prior to KT, the metabolic demand of the donor, and the graft weight (which reflects the nephron mass). If these hypotheses are correct, one could build a model to predict the recipient's post-KT serum Cr based on the physical data of both donor and recipients using the renal graft weight and donor serum Cr. (Fig 1) Therefore, we designed this retrospective multicenter study to build and cross-validate a statistical model for predicting the post-KT serum Cr of living donor KT.
Materials and methods
This study was approved by the Institutional Review Boards of SMC (IRB No. 2018-03-054) and SNUH (IRB No. 1805-126-948). The need for informed consent was waived by the both institutional review boards since the study was designed as a retrospective study. None of the transplant donors were from a vulnerable population and all donors provided written informed consent that was freely given.
Patients
Patients >18 years of age who underwent living donor KT between August 2012 and October 2017 at Samsung Medical Center (SMC) or Seoul National University Hospital (SNUH) were reviewed. Those recipients who underwent protocol biopsy during their first admission period were reviewed for study inclusion. We only included recipients with normal histology on the protocol biopsy for prediction modelling. Therefore, patients with abnormal pathology, including acute T cell mediated rejection, acute antibody mediated rejection, calcineurin inhibitor (CNI) toxicity, or other abnormal findings that can compromise renal function, were excluded.
Immunosuppression and protocol biopsy
Although the immunosuppression protocol was similar between SMC and SNUH, there were slight differences. While recipients at SMC mostly underwent induction therapy using antithymocyte globulin, basiliximab was preferred at SNUH. Tacrolimus, mycophenolate mofetil, and methylprednisolone were the main immunosuppressants used in the triple maintenance regimen at both centers. Brief concept of the study hypothesis. The function of the graft kidney includes the graft weight, which represents the nephron mass, and its functional capacity. The graft weight can be measured during transplantation. The volume is calculated using computed tomography. The functional capacity of the graft kidney can be estimated with regard to the metabolic demand of the donor and donor's pre-transplant serum creatinine. Therefore, the post-transplant serum creatinine level of the recipient can be estimated by replacing the data from the donor's metabolic demand with that of the recipient. Green check points represent data that can be measured. The post-transplant serum creatinine of the recipient is calculated based on pre-existing data. KT kidney transplantation, sCr serum creatinine.
The protocol biopsy was performed within the second week after KT at both centers. At SMC, the biopsy was performed around the 12th post-KT day. At SNUH, the biopsy was performed around the 9th post-KT day. Recipients with significant bleeding risk but without suspicious signs of comorbidity did not undergo protocol biopsy for safety reasons. At both hospitals, the histopathology was reviewed by expert renal transplant pathologists.
Data collection
Demographic data including sex, age, height, weight, BMI, comorbidities were collected for recipients and their donors. Cause of renal disease, human leukocyte antigen (HLA) mismatch between donor and recipient, presence of donor specific antibody, donor serum Cr prior to KT, donor kidney graft weight, performance and reason of plasmapheresis, induction therapy, maintenance immunosuppressive regimen, and the result of protocol biopsy were reviewed. Graft weight was measured after completing the bench surgery. Post-KT serum Cr was measured at the day of the protocol biopsy and was log-transformed prior to analysis. Clinical courses of recipients were reviewed based on medical charts and whether they undergo certain complications. The data of the cohort was collected by the data managers of each center, separately.
Data analysis
Baseline characteristics were summarized via frequencies and percent for categorical variables and mean and standard deviation for continuous variables. Comparison between the two centers (SMC vs SNUH) was performed using chi-square test, Fisher exact test or linear-by-linear association for categorical variables and student's t-test or Mann-Whitney test for continuous variables as appropriate.
The SMC data was used for model building in predicting post-KT serum Cr based on univariate and multivariate linear regression. Univariate linear regression analysis was performed for each variable. Then the variables with a P<0.10 in the univariate analysis were included in the multivariate analysis. The stepwise selection method was accompanied to identify a best prediction model. The performance of the identified model was assessed by adjusted R 2 and intraclass correlation coefficient (ICC) between observed and estimated values. Leave-one-out cross-validation was employed for internal validation. We also performed external validation using the SNUH data. For validation, Bland-Altman plot was used along with three predictability measures: the predicted ICC, root mean square error of prediction (RMSEP) and accuracy. [11] The predicted ICC was ICC between observed and predicted values of post-KT serum Cr. Accuracy was calculated as "1 − (RMSEP/range of log-transformed post-KT serum CR)". Statistical analyses were performed using SPSS 20.0 (SPSS Inc., Chicago, IL, USA) and SAS v9.4 (SAS Institute Inc, Cary, NC, USA) by expert statisticians of biomedicine in SMC.
Results
During the study period, a total of 345 and 353 adult recipients underwent living donor KT at SMC and SNUH, respectively. Among these patients, 314 recipients from SMC and 333 from SNUH underwent protocol biopsy. Only 238 and 191 recipients from SMC and SNUH, respectively, had normal histopathology on the protocol biopsy. A total of 76 and 142 recipients from SMC and SNUH, respectively, were excluded from modelling due to abnormal histopathology on protocol biopsy. (Fig 2) Comparing recipients from the two centers Table 1 shows the baseline characteristics from each hospital. There were no statistically significant differences between the hospitals with regard to recipient's sex, age, height, weight, BMI, diabetes, or other underlying medical problems. However, the rate of polycystic kidney disease was higher in the recipients at SNUH (n = 21, 11.0%) than it was in those from SMC (n = 9, 2.8%, P = 0.004). There was no significant difference between the two groups with regard to the donor-recipient data, including HLA mismatches, panel reactive antibody, and donor specific antibody. There were no significant differences in the donor characteristics, including donor serum Cr, prior to KT and kidney graft weight.
However, there were significant differences between the two groups with regard to immunosuppression. While SMC mainly used an antithymocyte globulin-based induction regimen (n = 157, 66.9%), SNUH used a basiliximab-based induction regimen (n = 174, 91.1%, P<0.001). After transplant, 98.7% (n = 235) of recipients at SMC received a tacrolimus-based maintenance regimen, while only 89.5% (n = 170) of those at SNUH were under tacrolimus. (P<0.001) Instead of tacrolimus, 10 recipients at SNUH received a cyclosporine-based maintenance regimen, while the other 10 received a sirolimus-based regimen.
The mean post-KT day for protocol biopsy differed between the two study cohorts (12.6 ± 1.8 days in SMC vs. 9.6 ± 1.6 days in SNUH, P<0.001). However, there was no difference in mean post-KT serum Cr level between SMC (1.02 ± 0.30 mg/dL) and SNUH (0.99 ± 0.27 mg/dL, P = 0.357). 
Prediction modelling based on the SMC cohort
We used univariate linear regression analysis to predict the post-KT serum Cr on the day of protocol biopsy based on variables reflecting the metabolic demand of both the donor and recipient and potential factors that might influence the post-KT graft function. (Table 2) In the univariate analyses, the following parameters were statistically significant: recipient sex (β = 0.409, P<0.001), height (β = 0.020, P<0.001), weight (β = 0.014, P<0.001) and DM (β = 0.109, P = 0.007) and donor sex (β = -0.159, P<0.001), age (β = 0.005, P = 0.004), height (β = -0.009, P<0.001), weight (β = -0.006, P<0.001), graft weight (β = -0.002, P = 0.001), and presence of donor specific antibody (β = -0.145, P = 0.014). Variables with P<0.100 including these variables were included in the multivariate analysis using stepwise method. In the final model, we included the following parameters: recipient sex (β = 0.228, P<0.001), height (β = 0.007, P<0.001), and weight (β = 0.006, P<0.001) and donor age (β = 0.004, P<0.001), height (β = -0.007, P<0.001), donor serum Cr (β = 0.377, P<0.001), and graft weight (β = -0.002, P<0.001). In contrast, recipient DM, donor sex, and weight and the presence of donor specific antibody were excluded. The final multivariate model had an R 2 of 0.708, RMSEP of 0.161, and ICC of 0.83 (95%CI 0.79-0.87). The final formula of the prediction 
Cr ¼ e 0:228�rSexþ0:007�rHeightþ0:006�rWeightþ0:004�dAgeÀ 0:007�dHeightþ0:377�dCrÀ 0:002�graft weightÀ 0:804
Internal validation of the prediction model based on the SMC cohort
We performed internal validation using leave-one-out cross-validation in the SMC cohort. The predicted ICC was 0.82 (95%CI 0.77-0.85). The RMSEP was 0.161, and the calculated accuracy was 0.895. The Bland-Altman plot demonstrated that only 4.2% (n = 10) of the patients were outside of the mean ± 1.96 standard deviations. (Fig 4) 
External validation of the prediction model based on the SNUH cohort
With regard to the SNUH cohort, we performed external validation using leave-one-out crossvalidation. The predicted ICC was 0.78 (95%CI 0.72-0.83). The RMSEP was 0.170, with a calculated accuracy of 0.876. The Bland-Altman plot shows that only 4.7% (n = 9) of the patients were outside of the mean ± 1.96 standard deviations. (Fig 5) Fig 6 shows relationship between the predicted serum creatinine and the true serum creatinine of subject patients.
Discussion
Since the first successful KT, the transplantation community has overcome numerous hurdles to minimize the morbidity and mortality of KT recipients. Compared to recipients of other solid organ transplants, kidney transplant recipients face additional, complex immunological risks. Therefore, some clinicians, including those at our hospital, have started monitoring the kidney under the microscope by performing protocol biopsy in the early post-KT period. Without performing a biopsy, the only other monitoring method of graft function is the volume of urine produced and serum chemistries (especially serum Cr). However, despite relevant research, there are no well-validated prediction models for recipient post-KT serum Cr. Such a model would be valuable, as it would act as a good index of graft performance. Therefore, this study was designed to build a prediction model for use (by renal transplant clinicians) immediate post-KT. We were able to exclude cases with complications using the protocol biopsy program during the post-KT admission period. Our model was only designed to predict the post-KT serum Cr level when the graft is under no harm from immunological risk. We hypothesized that we could estimate the post-KT serum Cr if we knew the metabolic demand of the recipient and the graft kidney's potential performance. This performance can be estimated based on the metabolic demand of the donor, the graft weight of the kidney (which represents the nephron mass), and the donor's serum Cr (which reflects the functional outcome of graft performance). (Fig 1) Therefore, we analyzed a multivariate model including parameters that are representative of the donor and recipient metabolic demand, along with variables that might influence the graft kidney function after KT. Interestingly, the variables that we predicted would have an influence on the serum Cr were excluded from the final model.
The performance of our prediction model was validated both internally and externally and was found to have high accuracy (of 0.895 and 0.876, respectively). Based on the Bland-Altman plot, <5% of the cohort fell outside of the predicted mean ± 1.96 standard deviation, which is still within the 95% confidence interval. The model had an R 2 of 0.708 in the initial model, which was higher than that of the previous model described by Oh et al.[6] With the linear model presented in the text, clinicians can easily calculate the predicted serum Cr level for the recipient with the information of recipient's sex, height, weight, donor's age, height, pre-transplant serum creatinine, and graft weight. With the information on the graft volume that can be calculated with computed tomography even before transplantation, it is possible to calculate the post-KT serum Cr even before the operation. Although using a graft volume instead of graft weight needs more study, our preliminary analysis including graft volume instead of graft weight showed similar outcome. (S1 Table, S1 and S2 Figs) Due to the lack of data from SNUH, we decided to develop a model using graft weight. Despite our model's accuracy and well-validated results, our study still has several limitations. The prediction model was designed based on adult post-KT recipient cohorts from two centers in the Republic of Korea. The mean height, weight, and BMI from SMC and SNUH were 164.1 ± 9.5 cm, 62.0 ± 13.3 kg and 22.9 ± 3.7 kg/m 2 and 165.7 ± 9.0 cm, 62.8 ± 12.9 kg and 22.8 ± 3.8 kg/m 2 , respectively. Most of the included patients had relatively lean body habitus. Therefore, our model is generalizable to a similar population, but not necessarily to one of larger patients. Therefore, there is a need for separate models for distinct populations (using the same variables), which reflect ethnic characteristics that may influence graft function.
Another limitation of this study is that we did not analyze the model's discriminating power. Using the protocol biopsy in the early period of post-KT, we found that some patients had abnormal pathology despite normal serum Cr level. The practicality of this model must be validated by analyzing its ability to discriminate normal patients from those with ongoing disease. However, this study was designed to build and validate a prediction model based on patients without events. Therefore, our next research goal is to use the model to address patients with events from those who are uneventful. The serum Cr level can be influenced by many surrounding factors, especially water homeostasis. However, our prediction model does not address factors that might influence creatinine on a daily basis. We believe that these factors should be adjusted for in further studies. In doing so, the prediction model will be even more clinically useful. Future studies that calculate the donor's true muscle volume (using computed tomography) may also be interesting.
Although the SMC and SNUH cohorts had small differences, the accuracy values of the models were similar. This accuracy can be explained by our inclusion of patients with normal grafts with similar post-KT serum Cr levels. Despite differing dates of protocol biopsy between the cohorts, (12.6 days in SMC vs. 9.6 days in SNUH) there was no difference in actual Cr level. (1.02 ± 0.30 mg/dL in SMC vs. 0.99 ± 0.27 mg/dL in SNUH)
Despite its limitations, out study is the first to develop a prediction model for post-KT serum Cr of KT recipients and to validate the model both internally and externally. The advantage of this model is that it is based on simple variables that can be obtained with minimal effort. The model's predictive power may have been increased by including additional parameters that are representative of daily water homeostasis and true muscle volume, although we considered these unnecessary for practical reasons. We believe that our model serves as a baseline study for further investigations into early post-KT complications. Our model also provides baseline data for investigation of the long-term graft function of KT recipients. 
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